SUMMARY The pattern of ventilation was studied in eight greyhounds anaesthetized with halothane in 50% oxygen with nitrogen and in eight with the same concentration of halothane in 50% oxygen with nitrous oxide. There was a significant reduction in both inspiratory and expiratory times in the animals breathing nitrous oxide and an increase in the negative pressures developed in the obstructed airway during inspiration. Measurements during the addition of carbon dioxide to the inspired gases also suggested less respiratory depression in the nitrous oxide breathing group. It was concluded that nitrous oxide may counteract the respiratory depressant effects of halothane.

MATERIALS AND METHODS
Experiments were performed in 16 adult greyhounds (11 male) free from clinical evidence of cardiopulmonary disease. No premedication was given and unconsciousness was produced with alfentanil 0.02 mg kg" 1 i.v. followed immediately by methohexitone 3-4 mg kg" 1 i.v. Induction of anaesthesia was completed by the administration of halothane volatilized in 50% oxygen with either nitrogen (oxygen-enriched air) or nitrous oxide through a face mask until tracheal intubation with a 12-mm bore, cuffed tracheal tube could be carried out. Anaesthesia was maintained with an inspired concentration of 0.95-1.05% halothane volatilized in the original gas mixture administered through the tracheal tube. A catheter was inserted percutaneously to a femoral artery for measurement of arterial pressure (Kontron System) and sampling for blood-gas determinations (Radiometer ABL3). Body temperature was monitored with a thermistor probe introduced through the mouth to the mid-thoracic oesophagus and the animal's body temperature was kept constant to within 0.5 °C by the use of a water blanket. All studies were conducted with the dog lying on its left side and breathing from a T-piece system through a low resistance nonrebreathing valve (Ambu Hesse). A large-bore tap, and a No. 2 Fleisch pneumotachograph head (P. K. Morgan) were placed in the inspiratory limb leading to the Ambu valve. Airway pressure measured from the mouth end of the tracheal tube (Roche Type 800 005 transducer, 1-m fluid-filled line), tidal volume, and inspiratory flow rates, together with the end-tidal carbon dioxide concentration (Medishield MS2 mass spectrometer set to Atomic Mass Unit 44 or, if nitrous oxide was present, linearized Beckman LB1 analyser), were recorded on a four-channel recorder (Lectromed). Inspired concentrations of halothane were measured with an Engstrom medical gas analyser (EMMA) and the pneumotachograph was calibrated with a 1-litre calibrating syringe using the inspired gases for the particular study.
No measurements were made until at least 1 h had elapsed from the time of injection of the methoxhexitone and stable values of inspiratory flow and end-tidal carbon dioxide concentration had been present for at least 30 min. Airway occlusions, each for the duration of a single breath, were imposed after three recorded unobstructed breaths by closing the inspiratory tubing with the large-bore tap during expiration. This was repeated three times, with at least five breaths between observations, to obtain mean values. Following the initial measurements, carbon dioxide was added to the inspired gases to produce an increase in arterial carbon dioxide tension (Pa COj ) of approximately 2 kPa and a further period of 30 min allowed for stabilization before a second set of measurements was obtained.
The traces were digitized and analysed (Apple He microcomputer) to give tidal volume, airway pressure during occlusion and the durations of normal and obstructed inspirations and expirations. The duration of the unobstructed inspiration (7"i) was measured from the duration of inspiratory flow. The durations of the occluded inspirations (Ti") were taken as the time from the start of the decrease of airway pressure to the minimum airway pressure during the inspiratory attempt (P max ). In addition, measurements were made of the airway pressure 0.1s after the start of an occluded inspiration (P°-1 ).
Statistical comparison was made with Student's t test, or Welch's test when the difference between the variances made the t test inappropriate [5] .
RESULTS
Eight animals (mean body weight 27.11 kg, SD 5.23) were anaesthetized with halothane in nitrous oxide-oxygen and eight (mean body weight 25.53 kg, SD 3.14) with halothane in nitrogenoxygen. Mean arterial pressure appeared to be slightly greater in the dogs breathing nitrous oxide (mean 97 mm Hg, SD 15; 94 mm Hg, SD 16, respectively), but the difference was not statistically significant. The heart rates in the two groups were similar at about 120 beat min" fig. 1) . However, when calculated on the individual responses obtained, there were significant differences in the tidal volume response (P = 0.0054), but not in the minute volume response (P = 0.101) to increase in Pa C o 2 of 1 kPa.
T\ and ventilatory frequency (/) were significantly shorter in the dogs given nitrous oxide, but inspiration occupied the same fraction of the total ventilatory cycle (!T tot ) because expiratory time (TE) also decreased and thus the "duty cycle" of the inspiratory muscles was not affected (table I) . Since the tidal volumes were similar in the two groups mean inspiratory flow rate (VT/TI) was greater in the dogs breathing nitrous oxide. In all but one dog in each group, the duration of (kPa) The maximum sub-atmospheric pressure (P max ) developed in the occluded airway was significantly greater in the nitrous oxide group (table  II) , and the airway pressure 0.1 s (P° l ) after the beginning of an obstructed inspiration was also significantly greater in this group, as was the rate of decrease in pressure (P max /Ti°). Administration of carbon dioxide produced inconsistent changes in Ti. In seven of the eight dogs in the first group, and in two of the eight breathing nitrous oxide, Ti was shortened, but in six of those breathing nitrous oxide Ti was prolonged. TV showed a slight increase with increase in Pa COj ; the principal effect of adding carbon dioxide to the respired gases in both groups was a decrease in TE, with an increase in Ti/T lM , but only in the nitrogen group was the reduction in Te significant (P = 0.003).
pmax ^j po.i were DOm markedly increased by the inhalation of carbon dioxide, as was the rate of change in pressure during obstruction of the airway, P max /Ti°. Plotting the logarithms of the values of the subatmospheric airway pressure during an obstructed inspiration, measured at 0.1-s intervals for the first 0.5 s of the inspiratory attempt, against the logarithms of time, showed that the relationship between them was linear; the regression lines are shown in figure 2 . The correlation coefficients were highly significant, ranging from 0.9992 to 0.9518 and the patterns of change in airway pressure (as expressed by the means of the intercepts and slopes (table III)) did not differ significantly between the two groups of animals at the initial values of Pa COt .
DISCUSSION
In these studies the concentration of halothane was not reduced when nitrous oxide was admin- [6] [7] [8] [9] . In spite of this, even though in these studies not all the measured differences reached statistical significance, the results tend to suggest better respiratory function in the dogs breathing halothane with nitrous oxide after induction with alfentanil and methohexitone. They support the possibility that nitrous oxide protects against halothane-induced respiratory depression by producing central stimulation and the view of Steffey and colleagues [1] -that only minimal advantages are to be gained when nitrous oxide is administered with halothane-must be questioned. It would seem that the inclusion of nitrous oxide in the gases inspired by the spontaneously breathing dog could be beneficial and, while the widely held impression that its use during halothane anaesthesia decreases respiratory depression by allowing lower halothane concentrations to be used could well be sound, it may not be necessary to reduce the halothane concentration for benefit to be obtained. Central respiratory drive was assessed by measurement of the decrease in pressure in the obstructed airway during inspiration since in the anaesthetized animal this pressure is proportional to measurements of neural output to the ventilatory muscles [10, 11] , provided certain factors remain unchanged. For example, any change in the initial length of the muscle of the diaphragm or of the intercostal muscles would affect muscular efficiency and could invalidate a comparison of occlusion pressures for different postures or at a different functional residual capacity (FRC). In this investigation all the dogs were lying on their left sides and FRC may have been influenced by the inhalation of nitrous oxide or carbon dioxide, although these effects are likely to be small. Chest wall rigidity must also be taken into account when comparing measurements of occlusion pressure, or inspiratory flow rates ( FT/ Ti), since the greater / 3max and P max / Ti° ratio in the nitrous oxide group could be taken to suggest that the chest wall may have been stiffer in these animals. Reflexes at a spinal level, related to intercostal muscle activity, might increase chest wall rigidity [12] , but other published evidence suggests that opioid-nitrous oxide combinations increase muscle rigidity by supraspinal effects rather than by increased excitability of spinal motor neurones [13] . The possibility that supraspinal activity induced by an interaction between alfentanil and nitrous oxide more than 1 h after the administration of alfentanil 0.02 mg kg" 1 may have produced this effect cannot be excluded since, although Arndt, Bednarski and Parasher [14] found the half-life of alfentanil for respiratory effects in conscious dogs to be 15-25 min, the evidence from the present studies relating to the timing of events in the ventilatory cycle suggests a longer period of action. It might be postulated that differences in chest wall stiffness would be apparent from the airway pressure trace because a more compliant chest wall could move inwards as the diaphragm moves back, reducing the pressure generated by the diaphragm. This could account for the pressure waveforms recorded by Marsh, Rehder and Hyatt [15] during occluded inspirations in dogs under enflurane anaesthesia where the development of airway pressure was delayed. However, in the present study there was no indication of any delay in the generation of the sub-atmospheric airway pressure during occluded inspirations in either of the two groups of dogs. In the apparent absence of any evidence of major differences in chest wall stiffness, the finding that the mean values of P max and p m &*/Ti° were significantly greater (P < 0.05) in the nitrous oxide group can probably be taken to indicate a greater central ventilatory drive in these dogs. In addition, Ti was significantly shorter in the nitrous oxide group, indicating that the significantly greater P max in these animals cannot simply reflect a primary difference in Ti. Moreover, the increase in P max and p m& */Ti° with increase in Pa co should still indicate the ability of the where P max and Vt are measured at similar times, should indicate the mechanical behaviour of the ventilatory system, since occlusion pressure should remain an index of the force potentially available for inspiration, and there were no significant differences between the effective impedances. However, the strongest evidence for increased respiratory centre output in the dogs breathing nitrous oxide was the increased P 01 which is unaffected by ventilatory system resistance and compliance or by vagal volume-related activity [16] .
The increase in Pa co , of about 2 pKa was chosen to keep the response below the value at which the dog's response begins to decline and to where the response is approximately linear [17] .
However, results in two of the dogs indicate that the higher values of Pa CO2 attained may have been starting to be depressant. Arterial oxygen tension was always high so the slope and position of the lines should not have been influenced by hypoxaemia and, if the response in dogs is similar to that in man [18, 19] , their slope and position might be taken to reflect the depth of anaesthesia. With increasing depth of anaesthesia the carbon dioxide responses move progressively to the right and the slope of the relation is depressed progressively. Thus the fact that the response to the carbon dioxide challenge in the dogs breathing nitrous oxide is to the left and steeper than in the other group might seem to indicate that breathing nitrous oxide resulted in a decrease in the depth of anaesthesia. However, these results might equally well demonstrate a more localized effect of nitrous oxide in the brain, since the most important site of the chemoreceptor response to carbon dioxide lies in the neurones near the ventral surface of the medulla, which react to a reduction of pH of brain extracellular fluid; nitrous oxide may merely enhance this response, rather than produce a decrease in anaesthetic depth as a result of a more generalized effect in the brain as a whole. In this context, it is of interest that stimulation of specific regions of the brain could be invoked to explain the very high MAC of nitrous oxide in dogs.
The finding that FT was slightly increased by nitrous oxide does not agree with that of Hornbein and co-workers [4] in man, in whom the addition of nitrous oxide to a constant halothane concentration produced a decrease in FT which was offset by an increase in the rate of ventilation. However, even in these dogs an increase in rate was the major effect, as can be seen from the greater minute volumes recorded. Although there is, on average, a lower Pa cc , 2 and a higher Pa Oj in the nitrous oxide breathing group during undisturbed spontaneous ventilation they do not match the greater total ventilation, presumably as a result of a greater proportion of deadspace ventilation. The pattern of breathing under nitrous oxide-oxygen-halothane is different to that under nitrogen-oxygen-halothane but, from these experiments, there is no clear evidence that alveolar ventilation is greater relative to metabolic rate. It is possible, however, that the addition of nitrous oxide during halothane anaesthesia increases the metabolic rate because there is evidence that it increases sympathetic activity [4] .
In all but one dog in each of the groups Ti°e xceeded Ti, showing that in 14 of the 16 dogs termination of inspiration was influenced by vagal activity (Hering-Breuer reflex). There was some indication that nitrous oxide enhanced this influence because the mean increase in inspiratory time during airway occlusion in the animals breathing this gas was about 54 % compared with 15% in the other dogs. This activity of the Hering-Breuer reflex in dogs is also suggested by the results of Marsh, Rehder and Hyatt [15] , who investigated the effects of halothane and enflurane. They found a significant prolongation of 7i during occluded inspiration during enflurane anaesthesia, and a smaller increase, which was not statistically significant, under halothane anaesthesia. The values recorded for 71 were shorter and the Pa COi values were lower than those found in the present study in spite of apparently greater depths of anaesthesia. In a related study [20] it was found that there was little change in ventilatory timing with depth of halothane anaesthesia so the longer Tu and smaller Ti: T tot ratios in the study presented here suggest that the alfentanil given at induction may, in spite of its apparently favourable pharmacokinetics, have had an influence on ventilatory timing and, possibly, central ventilatory drive. However, its effects on ventilatory timing should have been similar in the two groups of dogs and should not, therefore, have influenced the differences in the ventilatory patterns found in this study.
